Introduction

1
Cyanobacteria are photoautotrophic prokaryotes that perform oxygen-evolving photosynthesis 2 using water as the primary electron donor. Requiring only light, water, carbon dioxide, and 3 inorganic salts, cyanobacteria occupy highly diverse ecological niches and are found in almost 4 all terrestrial, freshwater and marine habitats. The genus Nostoc is a well-known cyanobacterial 5 group, and species of Nostoc are capable of forming heterocysts to utilize atmospheric N 2 as a 6 nitrogen source (Potts, 2000) . The nitrogen-fixing activity allows them to grow in nutrient-poor 
12
Nostoc commune (its Japanese vernacular name is Ishikurage) is a terrestrial species of 13 the genus Nostoc, which has a cosmopolitan distribution from the tropics to the polar regions of 14 the earth (Potts, 2000) . N. commune is unique due to its extreme desiccation tolerance. The 15 desiccated colonies show little to no metabolic activity, but they maintain the ability to grow for 16 over 100 years (Lipman, 1941; Cameron, 1962) . The molecular mechanism underlying the 17 extreme desiccation tolerance of this species is thought to involve multiple processes that include 18 extracellular polysaccharide (EPS) production, compatible solute accumulation, and antioxidants. 19 We have studied physiologically and biochemically the desiccation tolerance in N. commune We have reported that N. verrucosum contains MAAs at levels similar to those in N. 7 commune , but the molecular species of the MAAs from N. verrucosum 8 remain to be characterized. In this study, porphyra-334 was found to be a main MAA in N. 
Materials and Methods
15
Microorganisms
16
Colonies of Nostoc verrucosum growing naturally in a stream were collected from Shishiku Park,
17
Hakusan-shi, Ishikawa, Japan (36.438737 N, 136.640761 E), washed with tap water, dried using 18 a lyophilizer, and stored at -30˚C until used. The laboratory strain KU005 of N. verrucosum was 19 isolated by streaking and spreading on agar plates, and it has been maintained at Kanazawa 
MAA standards
11
The known MAA standards, including mycosporine-glycine (CAS no. 65318-21-0), palythine
12
(67731-19-5), shinorine (73112-73-9) and porphyra-334 (70579-26-9), were used as authentic 14 Porphyra-334 from N. commune (Nazifi et al., 2015) was also used as a standard.
16
Spectroscopic methods
17
The UV-VIS spectra were recorded with a double-beam spectrophotometer (U-2800, Hitachi
18
High-Technologies, Tokyo, Japan). The wavelength resolution was ± 1 nm. The MAA composition was analyzed by HPLC essentially as described previously (Nazifi et al., 
10
The A 330 was monitored with a UV-VIS detector (IRICA Σ873, Shiseido Irica Technology,
11
Kyoto, Japan). The chromatograms were recorded with a recorder (D-2500 Chromato-Integrator,
12
Hitachi High-Technologies, Tokyo, Japan). The MAA amounts were determined according to 13 their peak areas on the HPLC chromatograms, and a standard curve was constructed with known 14 amounts of porphyra-334 (170-1360 ng) and shinorine (6-47 ng).
16
Measurement of radical-scavenging activity 17 The radical-scavenging activity was measured using 2,2'-azinobis(3-ethylbenzothiazoline-6-18 sulfonic acid) (ABTS) as a substrate (Re et al., 1999 Illumina GA pipeline filters were retained. The read sequences were assembled de novo with the commune strain KU002, the putative mys gene clusters were searched using the BLAST.
21
Two overlapping DNA fragments, namely the 5' 2.5 kb fragment containing the mysAB 22 genes and the 3' 4.2 kb fragment containing the mysBCD genes, were amplified by PCR using an product and the 2.1 kb PCR product were sequenced.
17
Based on the determined nucleotide sequences of the overlapping DNA fragments from N. The sequences were determined and deposited in GenBank/EMBL/DDBJ under the 
Results
12
Identification of porphyra-334
13
Water-soluble UV-absorbing pigments from the cyanobacterium Nostoc verrucosum were 14 characterized. The water extract of field-isolated natural colonies of N. verrucosum showed a
15
UV-absorbing spectrum with a single absorption maximum at 333 nm (Fig. 1) . The extract was 16 examined by an HPLC system, and two different MAAs were detected ( Fig. 2A ). An HPLC very similar to that of field-isolated natural colonies of N. verrucosum (Fig. 2) . The fraction 19 containing the main MAA, which was estimated to be more than 90% of the total MAAs, was 20 recovered and characterized further. The second MAA, which was estimated to be less than 10%
21
of the total MAAs, was predicted to be shinorine, because its retention time on the HPLC 22 chromatograms was identical to that of the shinorine standard (Fig. S2 ).
1
Its retention time was identical to the authentic standard of porphyra-334 on an HPLC analysis 2 (Fig. S3ABC) . The molecular mass determined by MALDI-TOF-MS analysis was 346 Da, 3 which is identical to that of porphyra-334 (Fig. S3D) . The fragmentation patterns of MALDI-4 TOF-MS/MS analyses consistently supported that the parental molecular ion with m/z 347 was
5
[porphyra-334+H + ] (Table S1 ). These results confirm that the cyanobacterium N. verrucosum 6 produces porphyra-334 as the main water-soluble UV absorbing pigment.
7 Table 1 shows the MAA composition of N. verrucosum in the field-isolated natural 8 colonies and the laboratory cultured strain of KU005. The total MAA contents of porphyra-334 9 and shinorine were higher in the field-isolated natural colonies. In both Nostoc samples, the 10 content of porphyra-334 was more than 90% and the ratio of porphyra-334 to shinorine was MAA eluted at 10 min (Fig. 3A) , and was confirmed as porphyra-334 by its absorption 20 maximum at 334 nm (Fig. 3C) . The 10-min fraction containing porphyra-334 showed very weak 21 radical-scavenging activity, but strong radical-scavenging activity was detected in the fraction at 22 36 min (Fig. 3B) . The activity in the 36-min fraction accounted for approximately 60% of the 23 total recovered activity. The 36-min fraction showed UV absorption with maxima at 247, 275
and 336 nm, a spectrum that was different from those of the known MAAs (Fig. 3D) . The (Table S2 ). These compounds may be related to the ABTS radical-scavenging 5 activity; however, further structural analysis could not be performed because sufficient amounts 6 of the purified sample were not obtained. No ABTS radical-scavenging activity was detected in 7 porphyra-334 purified from N. verrucosum using our assay conditions (data not shown). These 8 results suggest that porphyra-334 is a major MAA in N. verrucosum, and it showed little or no 9 radical-scavenging activity, whereas the uncharacterized water-soluble antioxidants contributed 10 significantly to the total radical-scavenging capacity of N. verrucosum.
12
The mysABCD genes 13 The mysABCD genes, which are responsible for shinorine and porphyra-334 biosynthesis, were (Table S3 ). (Fig. 4) . Interestingly, the mysD gene in N.
1 verrucosum strain KU005 is likely to be at a location separate from the mysABC cluster (Fig. 4) . In this study, we demonstrated that prophyra-334 accounted for >90% of the total MAAs in N.
7 verrucosum (Fig. 2, Table 1, Fig. S2, Fig. S3 , Table S1 ) and shinorine was detected as the minor 8 MAA (Fig. 2 , Table 1 ). The occurrence of porphyra-334 is rare in cyanobacteria and shinorine is 9 a common and dominant cyanobacterial MAA (Sinha et al. 2003; 2007) . It is noteworthy that N.
10
verrucosum is an atypical cyanobacterial species which produces porphyra-334 dominantly.
11
Certain Nostoc species mainly produce porphyra-334 (Richa and Sinha, 2015) . Porphyra-334 is 12 identified in three filamentous and heterocystous cyanobacterial strains of Nodularia, namely N. 
22
In general, the presence of the mys genes is thought to relate to the MAA-producing capability in 
24
There are the mysABC gene cluster and the mysD gene in N. verrucosum strain KU005, 1 consistent with the presence of porphyra-334 and shinorine (Fig. 2, Table 1 ). It is noteworthy 2 that the organization of the mysABC and the mysD in N. verrucosum strain KU005 is unique ( Fig.   3 4), which may reflect the process of the mys gene transfer in this cyanobaterium. The presence of 4 the mysD gene suggests that di-substituted MAAs are produced by the addition of an amino acid 5 molecule to mycosporine-glycine via the Nostoc-type pathway using the ATP-grasp type ligase 6 ( Fig. S5) , although prophyra-334, not shinorine, was the dominant MAA in N. verrucosum ( Fig.   7 2, Table 1 ). Two important questions remain to be answered in future studies: What are (1) the 8 biochemical mechanisms that produce porphyra-334, and (2) the ecophysiological roles of cyanobacterial species is a porphyra-334 producer or a shinorine producer. However, it is unclear 13 whether any differences in porphyra-334 and shinorine are selected in specific natural 14 environments because of their similar structures and UV-absorbing capabilities.
15
It has been reported that the ABTS radical-scavenging capacity was found in the remain to be elucidated in future studies.
5
The mysABCD gene cluster was found in N. commune strain KU002 (genotype A), 6 consistent with the porphyra-334-and shinorine-producing capacity, although they are mostly More surveys are needed to elucidate the distribution of MAA glycosylation. 
Data are presented as the means ± SD and the relative amounts of the total MAAs. MAAs were extracted using 30% methanol from field-isolated, naturally growing colonies of N. verrucosum (A) and the laboratory cultured strain KU005 of N. verrucosum (B). The extracts were fractionated by an HPLC system with a reverse-phase column (Cholester, 4.6 mm × 150 mm, Nacalai) using 5% methanol and 0.1% acetic acid at a flow rate of 0.6 ml min -1 as the mobile phase. MAAs were detected by the A 330 . Shinorine and porphyra-334 were identified by comparison with the authentic standards. Wavelength (nm) Absorbance C D Fig. 3 . Separation of porphyra-334 and water-soluble radical scavengers in a water extract of Nostoc verrucosum. The MAA-containing fraction with radical scavenging activities was fractionated with an HPLC system with a reverse-phase column (Inertsil ODS-3, 4.6 mm × 250 mm; GL Sciences Inc., Tokyo, Japan). A 1 ml fraction was collected every 2 min. The MAA was detected by the A 330 (A). Radical scavenging activity was measured by ABTS decolorization assays (B). A UV-VIS absorption spectrum of the fraction eluted at 10 min, which contained porphyra-334 (C). A UV-VIS absorption spectrum of the fraction eluted at 36 min, which contained uncharacterized water-soluble radical scavengers (D). 
